Arabidopsis plants possess a family of nine AtAtg8 gene homologues of the yeast autophagy-associated Apg8/Aut7 gene. To gain insight into how these genes function in plants, first, the expression patterns of five AtAtg8 homologues were analysed in young Arabidopsis plants grown under favourable growth conditions or following exposure to prolonged darkness or sugar starvation. Promoters, plus the entire coding regions (exons and introns) of the AtAtg8 genes, were fused to the b-glucuronidase reporter gene and transformed into Arabidopsis plants. In all plants, grown under favourable growth conditions, b-glucuronidase staining was much more significant in roots than in shoots. Different genes showed distinct spatial and temporal expression patterns in roots. In some transgenic plants, b-glucuronidase staining in leaves was induced by prolonged darkness or sugar starvation. Next, Arabidopsis plants were transformed with chimeric gene-encoding Atg8f protein fused to N-terminal green fluorescent protein and C-terminal haemagglutinin epitope tags. Analysis of these plants showed that, under favourable growth conditions, the Atg8f protein is efficiently processed and is localized to autophagosome-resembling structures, both in the cytosol and in the central vacuole, in a similar manner to its processing and localization under starvation stresses.
Introduction
Vesicular trafficking to vacuoles consists of a number of processes that serve multiple functions (Bryant and Stevens, 1998) . Among these, the process of starvation-induced autophagy was recently the focus of extensive research, particularly in yeast Shintani et al., 2002; Wang and Klionsky, 2003) . Genetic and molecular studies in yeast have identified novel proteins that control autophagy, many of which also participate in direct cytoplasm-to-vacuole transport of proteins (Harding et al., 1996; Baba et al., 1997) . One of these proteins, which participate both in autophagy and cytoplasm-to-vacuole transport, is the Atg8 protein (formerly known as Apg8/ Aut7) . In autophagy, this protein is known to conjugate to the autophagosomal membrane through phosphatidylethanolamine lipidation and to take part in autophagosome formation and expansion (Kirisako et al., 1999 .
Unlike the single Atg8 gene in yeast, higher eukaryotes possess families with multiple members of Atg8 genes; for example, eight genes in human and nine in the model plant Arabidopsis thaliana (Doelling et al., 2002) . The occurrence of multiple-gene families in higher eukaryotes suggests that the different Atg8 proteins may serve different functions, in addition to autophagy. Indeed, one of the mammalian Atg8 proteins (termed GATE-16) was found to promote intra-Golgi trafficking Elazar et al., 2003) and post-mitotic Golgi reassembly (Muller et al., 2002) . Two other mammalian Atg8 proteins, GABA-RAP and MAP-LC3, have different functions; the former interacts with the c-amino butyric acid (GABA) receptor in nerve cells (Wang et al., 1999) , while the latter interacts with microtubule-associated proteins (Mann and Hammarback, 1994) . MAP-LC3 is the only mammalian homologue that was implicated in autophagy.
Despite extensive studies on Atg8 proteins in animals and yeasts, little is known about their functions in plants. Using green fluorescent protein (GFP) fusion constructs, it had been shown recently that, under starvation stresses, Atg8 proteins are processed by the Atg4 protease in a similar manner in plant as in animal cells and in yeasts (Yoshimoto et al., 2004 ). Yet, in plants, the potential functions of members of this gene family under favourable growth conditions, and a comparison of their functions under stress conditions, has not been deeply addressed. This may be obtained by analysing the spatial and temporal expression patterns of their genes, as well as the processing and intracellular localization of their encoded proteins under stress and non-stress conditions. In the present report, b-glucuronidase (GUS) fusion constructs of five representatives out of the nine Arabidopsis AtAtg8 genes were expressed, as well as a GFP fusion construct of the Atg8f gene in transgenic Arabidopsis plants, in order to address these issues. The results suggest that, in plants, the cellular processes using the AtAtg8 proteins have significant functions in young, non-senescing tissues, both under favourable growth conditions and under starvation stresses.
Materials and methods

Construction of chimeric genes
The promoters plus the entire coding regions (including exons and introns) of five AtAtg8 genes were extracted from Arabidopsis genomic DNA by polymerase chain reaction (PCR) using primers whose sequences are given in Table 1 . The 39-end primers were designed so that the endogenous AtAtg8 stop codons were abolished and replaced by a SmaI restriction enzyme site and the 59-end primers included a SalI or XbaI restriction enzyme site for further manipulation. The PCR fragments were then inserted into the pPZP111 Ti plasmid (Hajdukiewicz et al., 1994) using SmaI and SalI/XbaI enzymes. The GUS coding region was amplified out of the Ti plasmid pBI101 (Novagen), using the appropriate 59-and 39-end primers that added SmaI and KpnI restriction enzymes sites into the 59 and 39 ends, respectively. pPZP111-AtAtg8 constructs were cut with SmaI and KpnI and the GUS fragment was inserted downstream to the AtAtg8 coding region to generate the AtAtg8-GUS chimera.
The chimeric GFP-Atg8-HA gene was constructed as follows. The full-length coding sequence of the AtAtg8f, lacking its initiator ATG and stop codons, was first amplified with primers shown in Table 2. The PCR product was then subcloned into another cassette of a pZP111 Ti plasmid to generate a chimeric gene containing a single open reading frame, which included fused GFP-Atg8-HA from its 59-to its 39-end, connected to an upstream 35S promoter and downstream OCS terminator.
Transformation of Arabidopsis plants and selection of transformed plants
Agrobacterium tumefaciens strain EHA105 was transformed with each of the pPZP111-AtAtg8-GUS and pZP111-GFP-Atg8-HA plasmids and then used to transform Arabidopsis thaliana plants (ecotype WS) as previously described (Clough and Bent, 1998) . Kanamycin-resistant plants were selected and selfed to obtain T 3 plants homozygous for the transgenes.
Plant material and growth conditions
Wild-type and transgenic seeds of Arabidopsis (ecotype WS) were surface-sterilized in 50% bleach and selected on solid Nitsch medium (Nitsch, 1970) containing 50 lg ml ÿ1 of kanamycin and incubated for 2 d at 4 8C. The plates were then incubated in a growth chamber under a regime of 16 h light/8 h dark cycle at 24 8C. All media were purchased from Duchefa.
Exposing plants to dark or starvation
For the dark treatment, 2-week-old seedlings were exposed to darkness for 10 d. For the starvation treatment 7-d-old seedlings were transferred to Gamborg B5 liquid medium supplemented with 2% sucrose for 3 d, then washed with deionized water and transfered to a Gamborg B5 medium lacking sucrose for an additional 3 d.
GUS staining
Different plant organs were collected and submerged for 4 h in the following staining solution: 50 mM Na 3 PO 4 pH 7.0, 5 mM ferricyanide, 5 mM ferrocyanide, 0.1% dimethyl sulphoxide (DMSO), 0.1% triton X-100, and 1 mg ml ÿ1 final concentration of 5-bromo-4-chloro-3-indolyl glucuronide (Duchefa) dissolved in dimethyl formamide. Plants were washed once in water and destained twice in 95% ethanol and observed in the light microscope.
Concanamycin A treatment
Roots of 10-d-old Arabidopsis plants transformed with GFPAtAtg8f-HA construct grown on solid Nitsch medium with kanamycin were cut and incubated in liquid Nitsch medium containing 1 lM concanamycin A (Sigma) for 24 h at 24 8C under agitation at 80 rpm. After the treatment, the roots were washed in water and observed in a confocal microscope. Concanamycin A was prepared as a 100 lM stock solution in absolute DMSO. For the control, roots were incubated in liquid Nitsch medium containing an equal amount of DMSO as in the treatment.
Proteasome inhibitors treatment
The treatment was carried out as described previously (Valverde et al., 2004) . Briefly, 10-d-old plants grown on solid Nitsch medium with kanamycin were covered with deionized water containing a cocktail of proteasome inhibitors and incubated for 6 h at 24 8C. Proteasome inhibitors [N-acetyl-Leu-Leu-Norleu-al, Z-Leu-LeuNorvalinal, Z-Leu-Leu-Leu-al, Z-Ile-Glu(O-t-butyl)-Ala-Leucinal; Sigma] were diluted in absolute DMSO and each used at a final concentration of 10 lM. For a control, the plants were covered with water containing an equal amount of DMSO as in the treatments. After the treatments, the plants were harvested, immediately frozen in liquid nitrogen, and stored at ÿ70 8C before protein extraction.
Protein and immunoblot analyses
Protein extraction, SDS-PAGE, and western blot analyses were performed as previously described (Stepansky and Galili, 2003) . Monoclonal anti-haemagglutinin (HA) and anti-GFP antibodies were purchased from Sigma.
Microscopy analysis
For light and fluorescence imaging, an Olympus SZX12 microscope with a 30.3 DF PLFL lens, equipped with a GFP filter and an Olympus U-CMAD3 digital camera, was used. Images were processed with Olympus DP Controller software and Adobe Photoshop 7.0 ME software.
To obtain confocal and differential interference contrast images, an Olympus IX-70 microscope with a UPLAPO 340 0.85 NA lens, equipped with laser-scanning Fluoview 500 confocal unit, 488 nm argon laser, and a GFP filter (505-525 nm), was used. Images were processed with Fluoview software (Olympus, Japan) and Adobe Photoshop 7.0 ME software.
Results
Multiple alignment analysis reveals distinct subclasses of the Arabidopsis Atg8 proteins By contrast to the single autophagy-related Atg8 gene in yeast, Arabidopsis plants possess nine AtAtg8 homologues (Doelling et al., 2002; Hanaoka et al., 2002) , suggesting multiple functions of gene members. Moreover, the nine Arabidopsis AtAtg8 proteins, although relatively highly conserved, exhibit distinct differences in the sequence of amino acids (data not shown). As shown in the evolutionary tree ( Fig. 1) , the nine Arabidopsis AtAtg8 isoforms (AtAtg8a-AtAtg8i) can be divided into three distinct subgroups according to their amino acid sequence similarities. The first subgroup includes four proteins (AtAtg8a, AtAtg8c, AtAtg8d, and AtAtg8f), the second three proteins (AtAtg8b, AtAtg8e, and AtAtg8g), and the third two proteins (AtAtg8h and AtAtg8i).
Different AtAtg8-GUS constructs exhibit distinct GUS staining patterns in different root tissues of young seedlings
To elucidate the expression patterns of the various Arabidopsis AtAtg8 genes in young, non-senescing tissues, five representatives were selected out of the nine AtAtg8 members (AtAtg8a, AtAtg8c, and AtAtg8f from subgroup 1, AtAtg8e from subgroup 2, and AtAtg8h from subgroup 3). The promoters (1.6-3 kb regions upstream of the initiator ATG codon in the various genes) plus the entire coding regions of these genes (including exons and introns) were fused in-frame with the reporter GUS gene, and the various chimeric genes were introduced into Arabidopsis plants. Independently transformed lines expressing a given AtAtg8 isoform showed comparable GUS staining patterns and therefore photographs derived from different lines of each genotype are presented.
Transgenic Arabidopsis plants expressing the five different AtAtg8-GUS constructs were grown under favourable growth conditions and young seedlings were stained for GUS. In these young seedlings, GUS staining generally appeared preferentially in the roots, as depicted by the line expressing the AtAtg8h-GUS construct ( Fig. 2A ). Yet, a lower level of GUS staining also appeared in the shoots ( Fig. 2A , right leaf); this staining could be enhanced upon longer incubation of the GUS staining (data not shown). GUS fusions of some of the different genes yielded different spatial GUS staining patterns, particularly along the distal region of the roots. As shown in Fig. 2B , the AtAtg8e-GUS construct generated significant GUS staining in the vascular tissue of the maturation zone as well as in the root cap, but only trace staining in the root meristem and root elongation zone. The AtAtg8h-GUS and AtAtg8f-GUS constructs generated similar staining patterns to AtAtg8e-GUS, but GUS was more abundant in the maturation zone. The AtAtg8c-GUS construct produced significant GUS staining in the elongation and maturation zones, but only trace staining in the root cap or in the apical meristem (Fig. 2B ). The AtAtg8a-GUS construct generated GUS staining along the entire root, but exhibited a higher intensity adjacent to the elongation zone, the apical meristem, and the root cap. However, the GUS staining in the distal root regions of the AtAtg8a-GUS-expressing plants appeared more intense and with a different pattern compared with the staining in plants expressing the other AtAtg8-GUS genes. Cross-sectioning of the highly stained root region in plants expressing AtAtg8a-GUS revealed that staining was confined to the outer cell layers ( Fig. 2B , right; see arrow).
Response of the five AtAtg8 genes to prolonged darkness and sucrose starvation
The yeast Atg8 gene is known to be involved in starvationinduced autophagy (Kirisako et al., 1999; Ichimura et al., 2000) and a similar function has been indirectly attributed to this gene family in plants (Doelling et al., 2002; Hanaoka et al., 2002; Yoshimoto et al., 2004) . Since GUS staining suggested that the AtAtg8 genes are weakly expressed in shoots ( Fig. 2A) , a test was done to find out if the expression of any of the five selected AtAtg8-GUS genes was stimulated by prolonged (10 d) exposure to darkness, which inhibits photosynthesis, causing sucrose starvation. GUS staining in two out of the five constructs (AtAtg8a-GUS and AtAtg8h-GUS) was extensively stimulated by this treatment ( Fig. 3A ; compare top and bottom panels for each construct), while the other three constructs showed a significantly lower response (data not shown). Also tested was the response of the five AtAtg8-GUS constructs to direct sugar starvation. Arabidopsis seedlings were transferred to complete liquid medium for 3 d, after which they were transferred to a new medium, either complete or lacking sucrose, for an additional 3 d. As shown in Fig. 3B , GUS staining of AtAtg8a and AtAtg8h was also extensively induced upon exposure to sugar starvation (left leaf in each construct), compared with the control (right leaf in each construct), while the other constructs showed a significantly lower response (data not shown). These experiments cannot show, however, if the stimulated GUS staining after dark treatment or sugar starvation is due to increased synthesis or to decreased turnover of either the mRNA or proteins encoded by the GUS constructs.
Post-translational processing of the Arabidopsis AtAtg8 proteins
The operation of Atg8 proteins in stress-associated autophagy in yeast and mammals generally requires a processing step that removes a C-terminal portion from these proteins and enables their lipidation into membranes and the formation of autophagosomes (Ichimura et al., 2004) . The fate of the Atg8 proteins following the delivery and subsequent degradation of the autophagosomes in the vacuoles is still unknown. These proteins may either penetrate together with the autophagosomes into the vacuoles, and be degraded inside the organelle (Klionsky, 2005) , or stick to the outer vacuolar membrane, and then be removed from the outside membrane by an unknown processing event that may use Atg4 . To find out if the AtAtg8 proteins follow similar processing events in young, non-senescing plants grown under favourable growth conditions, the coding sequence of AtAtg8f was fused to GFP at its N-terminus and to an HA epitope tag at its C-terminus. This chimeric construct was fused to the 35S promoter and transformed into Arabidopsis plants. Independently transformed lines expressing GFP-AtAtg8f-HA generally showed very similar polypeptide patterns and GFP fluorescence and, therefore, will be presented in the following examples derived from different independently transformed lines. The processing of the GFP-AtAtg8f-HA polypeptide was studied by germinating the seeds under favourable growth conditions for increasing time periods and analysing proteins in western blots with either anti-HA or anti-GFP antibodies. As shown in Fig. 4A , panel a, the anti-HA Fig. 1 . Evolutionary tree of the Atg8 proteins of Arabidopsis, human, and yeast. Alignment and tree were performed using the NeighborJoining method (Saitou and Nei, 1987) . The tree was rooted with the ScAtg8 sequence. Numbers along the branches (bootstrap value) show the percentage occurrence of nodes in 1000 replicates of stimulation. The Arabidopsis, human, and yeast genes correspond to At, Hs, and Sc, respectively.
antibodies recognized the full-length GFP-AtAtg8f-HA, which was not detected in mature seeds. This full-length protein was first detected 1-2 d after the initiation of germination, and its intensity was progressively reduced from 3 to 7 d after the initiation of germination. The GFP antibodies recognized only a faint band of the full-length GFP-AtAtg8f-HA, as well as two additional smaller polypeptide bands not detected by the anti-HA antibodies (Fig.  4A , panel b, compare with Fig. 4A, panel a) . The upper band of these two smaller polypeptides corresponded in size to the expected C-terminal-processed AtAtg8, implying that the AtAtg8 protein was processed in its C-terminus, similar to the processing of its yeast and mammalian counterparts. The size of the lower band corresponded approximately to the size of the GFP domain alone, implying further processing of the AtAtg8 protein. As antibodies against the AtAtg8 proteins were not available, it was not possible to distinguish whether the appearance of this smaller band, corresponding to GFP alone, represents a cleavage of the AtAtg8 domain from the GFP domain or that it represents a complete degradation of the Atg8 domain. Yet, it is believed that the appearance of the smaller band signifies the degradation of the Atg8 protein, leaving the relatively stable GFP protein quite intact (see Discussion). Notably, only the full-length GFP-AtAtg8-HA band and that corresponding to the C-terminal-processed GFP-AtAtg8-HA protein were clearly detected 1-2 d after the initiation of germination (Fig. 4A, panel b) , while the lower band corresponding in size to the GFP domain alone 
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at Pennsylvania State University on February 21, 2013 http://jxb.oxfordjournals.org/ was detected only 3-4 d after the initiation of germination (Fig. 4A, panel b) . This implies that processing of the Cterminal region precedes the second processing step of the Atg8 polypeptide during seed germination. In addition, the intensity of the C-terminal-processed GFP-AtAtg8-HA band was progressively reduced, while that of the GFP band was progressively increased with the progression of seed germination (Fig. 4A, panel b) , implying that the Cterminal-processed form, but not the full-length GFPAtAtg8-HA is converted into the GFP domain alone. The band corresponding to the GFP protein was also detected in mature seeds (Fig. 4A, panel b) , implying that Atg8 proteins are also synthesized and processed during seed development.
Germination in the dark enhances the processing of the AtAtg8 proteins
Tests were also carried out to see if germination in the dark would affect the timing of appearance of the various protein bands associated with GFP-AtAtg8-HA. Similar to germination in the light, upon germination in the dark, the full-length GFP-AtAtg8-HA (detected by the anti-HA antibodies), as well as its C-terminal-processed intermediate (detected by the anti-GFP antibodies), first appeared at around 2 d after the initiation of germination and then gradually reduced as the germination progressed (Fig. 4B, panels a, b , compare with Fig. 4A, panels a, b) . By contrast, upon germination in the dark, the GFP domain started accumulating alone 1-2 d after the initiation of germination, significantly before its appearance in seeds germinated in the light ( The AtAtg8 proteins are also processed in a comparable manner both in roots and shoots under favourable growth conditions
Since the GFP-AtAtg8-HA construct was driven by the constitutive 35S promoter, it was possible to use the GFPAtAtg8-HA-expressing transgenic plants to test whether the machinery needed for the two processing events of the Atg8 proteins is active in both roots and shoots. To address this, 10-d-old seedlings, grown under favourable growth conditions, were separated into roots and shoots, and proteins were reacted with the anti-GFP antibodies. As shown in Fig. 5 , the C-terminal-processed form of GFP-AtAtg8-HA, as well as the GFP domain alone, was detected in both roots and shoots, implying that the GFP-AtAtg8-HA was processed in a similar manner both in roots and shoots.
The AtAtg8 proteins associate with autophagosomeresembling structures and are transported into vacuoles under favourable growth conditions Although the function of the Atg8 proteins is generally associated with stress, their abundant expression, particularly in roots of young, non-senescing plants grown under favourable growth conditions, prompted tests to find out if the Atg8 proteins are also associated with structures resembling autophagosomes under favourable growth conditions. This was analysed by in planta GFP fluorescence. Individual plants of a given line showed variable GFP fluorescence, which varied from no fluorescence to intense fluorescence. Moreover, despite the fact that the GFPAtAtg8-HA was produced at comparable levels in roots and shoots (Fig. 5) , GFP fluorescence was mostly detected in roots (Fig. 6A) . Also, in some cases, GFP fluorescence was observed only in some lateral roots, but not in others of A and B) . The migration of the full-length GFP-AtAtg8f-HA, its C-terminal-processed version (GFP-Atg8), and its degraded form leaving only the GFP are indicated on the right. the same plant, while in others, as demonstrated in Fig. 6A and B, it was detected in the entire root. The same kind of variable fluorescence was also detected upon exposure to starvation stresses (data not shown), indicating that it was not related to stress conditions. The reason for this variable GFP fluorescence pattern is not clear, but comparing the GFP fluorescence data with those obtained from the western blots suggests that the variable fluorescence may be related to the GFP itself and not to its attached Atg8 polypeptides. It is possible that the apparent second processing step of the AtAtg8 may, in some cases, trim portions from the N-terminus of the GFP, which is essential for its activity (Li et al., 1997) . Indeed, in some experiments, the GFP-related band migrated slightly more rapidly than the intact GFP (data not shown). Therefore, in the following, only higher magnifications derived from root sections that showed GFP fluorescence will be considered.
Higher magnification analyses of root tip cells showed that GFP fluorescence is mostly associated with autophagosome-resembling spots, which are most abundant in the cytoplasm surrounding the central vacuoles (Fig. 6C, E) . Such structures were not observed in roots of control plants expressing the GFP polypeptide alone (Fig. 6I, J) , implying that they were specific to the AtAtg8 polypeptide. Similar appearance of GFP fluorescence in autophagosomeresembling spots, located mostly in the cytosol surrounding the central vacuoles, was also observed in larger epidermal cells above the root tips, which contain large central vacuoles occupying most of the cell volume (Fig. 6G) . Although not clearly seen in Fig. 6G , some GFP-fluorescing spots were also detected inside the central vacuoles of these large epidermal cells. In some experiments involving plants expressing GFP-AtAtg8f-HA, GFP fluorescence appeared more dispersed in the cytosol and apparently localized to much smaller spots than those shown in Fig. 6E (data not shown). Whether this reflects biological variation or technical variation associated with the preparation of the plants for analysis in the confocal microscope is not known.
Since in yeast the Atg8 proteins deliver autophagosome into the vacuoles (Lang et al., 1998) , it was of interest to verify further whether the very weak GFP fluorescence inside the central vacuoles was due to the acidic pH of the vacuoles that may interfere with GFP fluorescence (Tamura et al., 2003) . To address these issues, root cells of the GFPAtAtg8-HA-expressing plants were incubated for 24 h with concanamycin A, which inhibits the activities of vacuolar ATPases and hence slows down the acidification of the vacuole sap (Drose et al., 1993) . As shown in Fig. 7C , concanamycin A treatment caused a general enhancement of GFP fluorescence in epidermal cells, above the root tips (compare the fluorescence intensities in Fig. 7C and A showing cells of untreated plants relative to the laser intensity provided in the legend). Moreover, following the concanamycin A treatment, a large number of fluorescing spots was also present inside the vacuoles (Fig. 7C) . A similar concanamycin A treatment did not cause any significant internalization of a control GFP polypeptide into the vacuole (Fig. 7E, G) , implying that the AtAtg8-containing structures are specifically and efficiently internalized into the central vacuoles in root cells of plants grown under favourable growth conditions. Notably, the control GFP polypeptide, but not GFP-AtAtg8-HA, was also localized to the nucleus (Fig. 7G, see arrow) . In a few concanamycin A-treated root sections of plants expressing the control GFP polypeptide, a few cells appeared in which a low amount of GFP was also present in the vacuole (Fig. 7G, see asterisk) . Yet, no GFP was detected in the vacuoles in other cells near them in the same section (Fig. 7G) . In addition, the intensity of GFP in the vacuoles of these cells was significantly lower then that in root cells expressing the GFP-AtAtg8 polypeptide. The reason for this is not yet clear. Concanamycin A had no effect on the steady-state levels of the processing products of the GFPAtAtg8-HA polypeptides, as determined in western blots with anti-GFP and anti-HA antibodies (data not shown), implying that the concanamycin A effect was largely due to increased vacuolar pH rather then the stability of the GFPAtAtg8-HA polypeptides.
Since the AtAtg8 proteins were efficiently processed and transported to vacuoles under favourable growth conditions, it was of interest to determine whether the proteasome machinery is involved in the processing of the Atg8 protein, particularly the removal of the Atg8 protein, leaving the 'GFP alone' band shown in Figs 4 and 5. To address this, 10-d-old seedlings of the GFP-AtAtg8-HAexpressing plants, grown under favourable conditions, were Fig. 5 . Processing of GFP-AtAtg8-HA-related polypeptides in roots and shoots grown under favourable conditions. Ten-day-old Arabidopsis plants expressing the GFP-AtAtg8f-HA construct, grown under favourable growth condition were separated to roots (lane a) and shoots (lane b) and proteins were then reacted in a western blot with monoclonal anti-GFP antibodies. The migration of the full-length GFP-AtAtg8f-HA, its C-terminal-processed version (GFP-Atg8), and its degraded form leaving only the GFP are indicated on the right. Fig. 7 . Effect of concanamycin A on the localization of GFP fluorescence in root tips of plants expressing the GFP-AtAtg8f-HA construct. Roots of 10-d-old GFP-AtAtg8f-HA-expressing Arabidopsis plants were either non-treated (A, B) or treated (C, D) with concanamycin A. Roots of control Arabidopsis plants expressing free GFP were also treated with concanamycin A (E-H). Root tips were then observed in a confocal microscope (A, C, E, G) or differential interference contrast microscope (B, D, F, H). The intensity of the argon laser in the treated roots (C, E, G) was three times lower than in the untreated roots (A). The asterisk in (G) shows a single vacuole containing some GFP fluorescencing aggregates that is derived from a root expressing the control free GFP. The arrowhead in (G) points at the nucleus. CV, Central vacuole. treated with a cocktail of proteasome inhibitors for 6 h, and proteins were reacted in a western blot with the anti-GFP antibodies. This cocktail affected neither the pattern nor the actual levels of the various GFP-AtAtg8-HA-associated polypeptides (data not shown).
Discussion
Expression and intracellular localization studies suggest that the cellular process involving Atg8 operates in plants both under favourable growth conditions and under starvation stresses While yeast cells possess a single Atg8 protein, higher eukaryotes (animals and plants) contain large families of Atg8 proteins, suggesting multiple functions. Indeed, recent studies in mammals suggest that the Atg8 proteins function not only in autophagy but also in other cellular processes such as vesicular transport via the Golgi and post-mitotic Golgi reassembly (Muller et al., 2002) . In the present report it was of interest to study whether in young, non-senescing tissues of Arabidopsis plants, the cellular process using Atg8 operates both under starvation stresses and under favourable growth conditions. For this, young transgenic plants expressing GUS fusions to the promoters plus the entire coding regions (introns and exons) of five Arabidopsis AtAtg8 genes, as well as transgenic plants expressing a GFP-AtAtg8-HA fusion protein, were used. Analysis of the plants used in this study, as discussed later in more detail, shows that, in young plants, the cellular processes involving Atg8 operates both under favourable growth conditions and under starvation stresses. Due to the nature of the GUS constructs that contained promoter as well as exons and introns of the AtAtg8 genes, it is not possible to determine whether the observed changes in GUS staining are due to the promoter regions alone or to additional sequences derived from the coding regions of the various AtAtg8 genes.
Differential GUS staining patterns in young roots and plausible function of distinct AtAtg8 genes in this organ under favourable growth conditions Under favourable growth conditions, all five Arabidopsis AtAtg8 homologues were abundantly expressed in young roots. However, certain members of this family generated differential GUS staining patterns in various root regions, suggesting differential non-redundant functions that may be associated with root development and physiology. Based on the GUS staining patterns, the AtAtg8 genes function predominantly in root caps and in the region of maturation, root parts that are strongly associated with protein degradation. Root caps function in penetration into the soil, a process associated with extensive cell death due to mechanical friction and the formation of new cells. Extensive degradation of macromolecules in this region may enable metabolite remobilization from old to newly formed cells. Root tissues in the region of maturation are strongly associated with the degradation process associated with the mobilization of metabolites (particularly nitrogenous compounds) to the above-ground tissues. Hence, it is feasible that plant Atg8 proteins are involved in macromolecule degradation in root tissues grown under favourable growth conditions, in a similar manner to their function in macromolecule degradation during starvation-induced autophagy (Kirisako et al., 1999) .
The GUS staining patterns also suggest that some AtAtg8 genes operate in root meristems and elongation zones, which are largely engaged in cell division and differentiation, respectively. As such, these regions are characterized by extensive biosynthesis, rather than catabolic activities. Hence, it is likely that in these tissues the cellular machinery using Atg8 proteins is involved in cellular remodelling associated with root growth and development.
The AtAtg8 genes are weakly expressed in shoots under favourable growth conditions, but the expression of some of them is induced by starvation stresses By contrast to roots, GUS staining was very weak in young shoots of transgenic plants grown under favourable growth conditions ( Fig. 2A) , indicating that under favourable growth conditions the cellular process using Atg8 is not as strongly needed as in young roots. In shoots of plants grown under favourable conditions, the process of autophagy is apparently utilized profoundly only in mature leaves entering senescence to enable efficient macromolecule degradation for metabolite mobilization into the floral organs (Hanaoka et al., 2002) . Nevertheless, extensive stimulation of GUS staining was generated in leaves by two AtAtg8-GUS constructs in response to prolonged darkness or sugar starvation. This implies that the process involving Atg8 may be particularly needed in leaves under starvation stresses, supporting previous reports on the induction of autophagy in plant cells exposed to starvation (Aubert et al., 1996) . The present results do not exclude the possibility that, in mature plants entering senescence, the expression of additional AtAtg8 genes is stimulated by sugar starvation. The function of Atg8 proteins is not only dependent on their synthesis, but also on their C-terminal processing that enables them to attach to lipids (Ichimura et al., 2004) . Indeed, it has been shown here that the AtAtg8f protein is efficiently processed at its C-terminus in young plants grown under favourable growth conditions, and also follows a second yet unclear processing event. Moreover, it has also been shown that in young plants grown under favourable conditions, the AtAtg8f protein is efficiently associated with autophagosome-resembling structures that are internalized into the vacuoles. The present results therefore imply that, in young plants, the machineries responsible for these processes operate with comparable efficiency under favourable growth conditions and starvation stresses, and support the possible functions of the Atg8 proteins in multiple degradation processes associated with cellular remodelling during plant growth and development. Notably, under favourable growth conditions, the processing machinery of the AtAtg8 proteins was also active in shoots in which the various AtAtg8 genes are not abundantly expressed, indicating that this machinery may not only regulate processes involving Atg8.
Upon the progression of seed germination, the C-terminalprocessed intermediate of GFP-AtAtg8-HA appeared alone significantly before the GFP domain, implying that, during germination, the AtAtg4 protease-dependent machinery responsible for the C-terminal processing of the AtAtg8 proteins (Yoshimoto et al., 2004) is synthesized much earlier than the as yet unknown machinery required for the second processing event of the AtAtg8 proteins. The physiological and mechanistic consequences of this observation await future studies.
Interestingly, germination in the dark, which apparently causes sugar starvation, stimulated the biogenesis of the machinery regulating the second processing step of the AtAtg8f protein (resulting in the appearance of the 'GFP alone' band; Figs 4, 5), supporting a stronger need for the machinery controlling this second processing event during seed germination under starvation stresses (Moriyasu and Ohsumi, 1996; Takatsuka et al., 2004) . The exact nature of this second processing event is still unknown. However, since the GFP-AtAtg8f polypeptide was efficiently internalized into vacuoles, it is believed that this processing event signifies the degradation of the AtAtg8 protein in the vacuole. This is also supported by the fact that proteasome inhibitors did not affect this second processing event.
Atg8, a multifunctional protein family
The presence of multiple AtAtg8 isoforms and their differential expression patterns in distinct tissues and under both favourable growth conditions and starvation stresses imply that the proteins serve multiple non-redundant functions in plants at both their young and mature stages. Performance of such multiple functions could operate through the capacity of the different Atg8 isoforms to interact with a variety of macromolecules, such as proteins and lipids Sagiv et al., 2000) . The Atg proteins of yeast and mammals adopt a ubiquitinlike structure (Paz et al., 2000) and, based on the high homology of plant, yeast, and mammal Atg8 proteins, it is probable that the plant Atg8 proteins also adopt a similar structure. Since a unique characteristic of ubiquitin is its ability specifically to interact, via conjugation, with a wide range of target proteins and mark them for degradation by the 26 proteasomes (Hershko and Ciechanover, 1998) , it is possible that plant Atg8 also adapted similar structural characteristics to enable their functions.
